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Introduction (a) Nucleic acids are an emerging therapeutic modality
Nucleic acid-based therapeutics are an emerging class of drug modalities that have great potential to deliver benefits to patients over currently established modalities. The major classes of approved drugs are small molecules and antibodies, both of which elicit their function by binding to specific regions of a protein. For small molecules, this approach relies on the presence of an accessible binding pocket on the protein. However, it is estimated that only 2-5% of the proteins are accessible to small molecule drugs [1] . Antibodies, by contrast, can be engineered to bind more targets, but they are predominantly limited to cell surface or circulating proteins. Furthermore, pharmaceutical development of proteins is relatively complex. By contrast, nucleic acid therapeutics can act by manipulating gene expression using a mechanism dependent on binding to RNA/DNA via highly specific Watson -Crick base pairing or translation/ transcription of the genetic code, circumventing the extensive optimization required to achieve specific binding using small molecules or protein-based modalities. More significantly, this offers the potential to target any diseasecausing gene, greatly expanding the druggable target space. There are many different types of nucleic acids that have been used in therapeutic applications, ranging from relatively small molecules less than 10 kDa in size to larger molecules of several hundred kDa. The most clinically advanced of these are antisense oligonucleotides, DNA, short interfering RNA (siRNA) and modified & 2018 The Author(s) Published by the Royal Society. All rights reserved.
messenger RNA (modRNA), with the greatest number of clinical trials reported for the treatment of cancer [2] .
(b) Intracellular delivery is a key bottleneck
Functional delivery of nucleic acids can be defined as the delivery of a nucleic acid to a specific location where it can exert its intended pharmacological effect such as gene expression or inhibition. This can be outside of the cell, but for most nucleic acid-based therapeutics this will be a subcellular location where the nucleic acid can interact with molecular machinery such as ribosomes or enzymatic complexes. There are several obstacles to overcome on the journey from the point of administration to the correct subcellular destination, as summarized in figure 1. First, foreign nucleic acids need to enter the circulation or target tissue by crossing physiological barriers, the nature of which depends on the administration route. Second, they need to avoid being removed or degraded before reaching the target cell. This requires evasion of excretion, immune recognition and nuclease-mediated degradation. Third, nucleic acids must cross the plasma membrane and enter the cell. Many nucleic acids will enter cells by endocytosis, which results in further entrapment into membrane-bound vesicles such as endosomes and lysosomes, from which cargo must escape-this represents the final and most significant barrier to intracellular delivery. In contrast to small molecules that can enter cells by passive diffusion, nucleic acids are too large and negatively charged to cross cellular membranes efficiently, hence additional methods are required to facilitate delivery.
(c) Non-viral delivery systems for nucleic acid delivery
Non-viral systems are an attractive option for overcoming these barriers owing to their ease of manufacture and relatively low risk of toxicity. The materials that have been investigated for nucleic acid delivery cover different shapes, sizes and surface chemistries [3] . Successful classes of materials include lipids, polymers, inorganic particles, peptides and proteins, as well as biologically inspired materials such as exosomes. These systems must address all the biological barriers to delivery as well as having properties suitable for pharmaceutical development (e.g. non-toxic, stable and scalable). Despite significant progress in the development of these systems, intracellular delivery and specifically endosomal release remain major bottlenecks. Less than 2% of internalized material is estimated to reach productive compartments [4] . As a result, there has been a concerted effort to investigate cellular entry and trafficking mechanisms. Distinct endocytic routes of entry into the cell that have been implicated in the internalization of delivery systems are phagocytosis, macropinocytosis (MP), clathrin-mediated (CME) and caveolae-mediated endocytosis (CVME). In this review, we focus on MP as a mechanism for non-viral drug delivery of nucleic acids specifically to tumour cells. MP was initially defined as the actin-driven non-specific bulk uptake of extracellular fluid, the hallmark of which is actin-driven membrane ruffling leading to the formation of enclosed vesicles of diameter greater than 0.2 mm, called macropinosomes [5] . This definition has been since refined by increasing knowledge about the molecular regulators governing this process, which are utilised to identify a process as MP. Known MP regulators are found at the plasma membrane (Ras, phosphoinositide 3 0 -kinase (PI3 K), SGEF, ARF6), associated with macropinosomes (PIKfyve, Rabankyrin-5, SWAP-70, SNX1, SNX9, SNX18) or both (Rac, Src, Rab34, Rab5, PAK1, SNX5). A comprehensive analysis of these regulators can be found in several excellent reviews [5 -7] . Once a molecule has been internalized into macropinosomes, Stages and barriers for delivery of nucleic acids to tumour cells. Delivery technologies for nucleic acids are designed to overcome several barriers dependent on the route of administration. For systemic administration, the delivery technology must protect the nucleic acid from clearance or degradation to permit extravasation and accumulation into the target tissue. It must then facilitate distribution through the tissue to the target cell type. Finally, the delivery technology must enable efficient intracellular delivery by crossing the cellular membrane and escaping endosomes, while avoiding endo-lysosomal trapping and expulsion from the cell by recycling. For nucleic acid modalities requiring access to the nucleus, there is the additional barrier of the nuclear membrane to overcome. ASO, antisense oligonucleotide; RISC, RNA-induced silencing complex; siRNA, short interfering RNA; miRNA, microRNA; mRNA, messenger RNA.
royalsocietypublishing.org/journal/rstb Phil. Trans. R. Soc. B 374: 20180156 it may enter the classical late endosomal/lysosomal pathway from which it can be trafficked to a specific intracellular location to carry out a metabolic function or be marked for degradation. Alternatively, molecules can remain separate from this pathway and be recycled back to the plasma membrane [6] . This is indicative of a highly complex and regulated pathway with a series of important biological functions in the cell, including nutrient scavenging and immune signalling. Macropinocytic activity is found in almost all cell types but importantly the activity of this pathway varies based on the biological function of the cell as well as environmental factors. MP has been implicated in the cellular uptake of non-viral delivery systems for nucleic acids along with other endocytic portals. However, it is unclear what the relative productivity of the different cellular entry and trafficking portals are and how we can best exploit them for intracellular delivery. In this review article, we evaluate reports of MP-mediated cellular entry of delivery systems for nucleic acids. We also focus on tumour cells as a potential target for MP-based delivery and finally we discuss opportunities for exploiting MP for the intracellular delivery of nucleic acids.
Delivery systems using macropinocytosis for cellular entry
Delivery systems where MP has been reported as a mode of entry are summarized in table 1. This encompasses a range of different sizes, shapes and charge. In the following section, we will consider the experimental approaches used to determine the mechanisms of cellular entry and what is known about different types of delivery systems, focusing on the most clinically developed systems.
(a) Limitations of experimental approaches for the classification of macropinocytosis
Identification of the role of MP in the internalization of nanoparticles is fraught with pitfalls for several reasons. To name a few, there is a lack of specific inhibitors, constitutive rates of MP vary between cell types, MP can be activated by external stimuli, nanoparticles use multiple entry routes into a cell and MP activity is highly sensitive to serum conditions. This means there is no single method that enables classification of MP with high confidence, rather a series of orthogonal methods are required. The experimental approaches that have been used to determine MP uptake of delivery systems are presented in table 1. The most basic evidence for MP is observation of membrane ruffling. Such observations can be made by microscopy but this is limited to qualitative assessments, and alone is not sufficient to classify a process as MP. The most commonly cited method for classification of macropinocytosis in the drug delivery literature has been the use of chemical or pharmacological inhibitors, which target specific proteins or biochemical processes known to be critical for MP. This is coupled with subsequent measurement of the reduction in nanoparticle uptake or impaired functional delivery. These experiments are often done in conjunction with markers known to traffic by certain endocytic routes (70 kDa dextran, MP; transferrin, clathrin-dependent endocytosis; lactosylceramide, caveolae-mediated endocytosis; cholera toxin B, clathrin-dependent endocytosis; see [21] for a comprehensive list), which are useful as controls to assess the function of inhibitors. Commonly used small molecule inhibitors of MP are pH modifiers (amiloride or its derivative 5-(N-ethyl-N-isopropyl)amiloride (EIPA) [22, 23] ), actin inhibitors ( jasplakinolide [24] , blebbstatin [25] , cytochalasin D) and PI 3-kinase inhibitors (Wortmannin, LY294002 [26] ). These may be used in conjunction with inhibitors for other endocytic entry routes (commonly used examples: chlorpromazine, clathrin-mediated endocytosis; methyl-b-cyclodextrin, lipid rafts; genistein, caveolae-mediated endocytosis; filipin, clathrin-independent endocytosis; see [27] for a comprehensive list). The use of inhibitors is significantly limited by the degree of specificity and off-target effects. A detailed analysis of the use of chemical inhibitors in the context of studying gene delivery systems by Vercauteren et al. [28] demonstrated that commonly used endocytic inhibitors (chlorpromazine, genistein, methyl-b-cyclodextrin and potassium depletion) had poor specificity and significantly reduced cellular viability across commonly used cell types; furthermore, it was found that inhibitory effects were highly cell-type dependent. Although none of these are inhibitors of MP, they feature heavily in studies seeking to assess mechanisms of nanoparticle delivery. In addition to the use of inhibitors, information can be gained by stimulation of MP by growth factors such as epidermal growth factor (EGF) [29] and phorbol-12-myristate-13-acetate (PMA).
Fluorescence colocalization microscopy is another widely used technique for the study of MP in drug delivery. The simplest approach is to image fixed cells following exposure to labelled nanoparticles and labelling by antibodies. The need for fixation is a major disadvantage of this approach because it can create artefacts and cause redistribution of endocytic organelles [21] . The most pertinent example of this in the literature is regarding cell-penetrating peptides (CPPs), where the original mode of entry was thought to be non-endocytic but later studies found that this was a result of fixation protocols [30] . More reliable information can be gained from live-cell experiments using co-treatment experiments. This involves exposure to the marker and labelled nanoparticle to be tracked, followed by measurement of colocalization. Fluorescence colocalization experiments are dependent on the capabilities of the microscopy technique used, combined with robust statistical image analysis. This approach has been aided by advances in automated confocal fluorescence microscopy, which have been used in combination with sophisticated image analysis algorithms to gain more dynamic quantitative information [31, 32] .
It is also well established that endocytic trafficking activity is impacted by the cellular environment. This is especially relevant in the context of MP, which can be both a constitutive and stimulated process. Consequently, culture conditions such as serum composition and starvation will affect the rate of MP and thus internalization of a nanoparticle. For example, it has been demonstrated that MP is required for the supply of key amino acids such as glutamine to proliferating Ras-transformed cancer cells [33] . This seminal study showed that the rate of MP is tightly linked to the concentration of glutamine in the culture medium, but many studies in the context of drug delivery are done at glutamine concentrations well above the physiological range. Studies have shown that the cellular response to inhibitors and stimulators commonly used in drug delivery studies is Table 1 . Nucleic acid delivery technologies reported to enter cells by macropinocytosis. EIPA, 5-(N-ethyl-N-isopropyl) amiloride. Love et al. strongly effected by serum content [34] . It was demonstrated that certain cell types lose sensitivity to EGF in the presence of serum, highlighting this as an important consideration when using EGF to study drug delivery systems. Many fundamental studies of MP use serum-starved cells to delineate between constitutive and stimulated MP, however, in the context of drug delivery, it is necessary to perform experiments in physiological conditions to translate findings to a therapeutic context. Importantly, a deeper understanding of the link between growth factors, activation of corresponding signalling pathways and MP activity in vivo, where multiple pathways could be activated in a cell-and context-specific manner, are required in the future. Yet, in vivo studies are limited by the technical challenge of achieving cellularresolution imaging in tissues, and the additional toxicities of inhibitors in a complex physiological context. Nevertheless, this has been achieved by some groups delivering EIPA by local injection or by osmotic pumps [18, 35] . The drawbacks discussed here represent a major limitation in much of the literature exploring mechanisms of cellular delivery with nanoparticles. The most reliable studies are where conclusions are drawn from studies including both small molecule inhibitors and endocytic marker colocalization studies, corroborated by genetic methods that specifically deplete or enrich a protein with consideration given to the in vivo environment. It is apparent that many of the studies cited in table 1 are reliant on a single method to classify cellular entry as MP, hence caution must be taken in interpreting these results. This is perhaps because the focus of many of these studies has been on formulation design rather than investigating cellular uptake mechanisms. Moreover, the experimental techniques to study MP are becoming more sophisticated as the field develops, particularly through technical progress in microscopy and more advanced in vitro cellular models. Several excellent recent reviews propose new methods to study intracellular delivery [36 -39] , which are sure to yield more mechanistic insights. The ensuing discussion will place more emphasis on where multiple methods have been used to study delivery.
(b) Lipid and lipid-like delivery systems
Lipid-based delivery systems are currently the most clinically advanced vectors for nucleic acid delivery [40] . The most successful of these are Dlin-X-DMA-based ionizable lipid-based lipid nanoparticles (LNPs). These comprise four different lipids: an ionizable lipid (e.g. dilinoleylmethyl-4-dimethylaminobutyrate (Dlin-MC3-DMA) [ 
helper lipids (1,2-distearoyl-sn-glycero-3-phosphocholine (DSPC) and cholesterol) and a PEG-based lipid (DMG-PEG). This system was originally developed for intravenous siRNA delivery to hepatocytes but has since been applied to deliver multiple types of nucleic acids (DNA [43] , mRNA [44] ) using multiple administration routes [45] . Dlin-X-DMA-based LNPs are now in late-stage clinical development and approaching commercialization [46] . Owing to their success in clinical translation, Dlin-X-DMA-based LNPs are perhaps the most intensively studied LNPs in terms of mechanism, with most of these investigations having taken place in the context of intravenous delivery of siRNA to hepatocytes. In this context, uptake of KC2-based LNPs was shown to be dependent on opsonization by [20] apolipoproteins (ApoE3) in the blood [47] . ApoE3 bound to the surface of LNPs engage low-density lipoprotein receptors for uptake, implicating a CME mechanism for delivery. An in-depth in vitro analysis of MC3-based LNPs (a lipid structurally related to KC2) containing siRNA by Gilleron et al. [4] in HeLa cells revealed that both CME and MP are involved in LNP uptake. It was demonstrated that partial inhibition of each pathway by siRNA separately reduced LNP uptake by 50-70%, but simultaneous inhibition did not result in any additional reduction, suggesting a co-dependent process. Interestingly, macropinocytic activity was increased in the presence of LNP and inhibited by blocking CME, suggesting that CME-mediated entry may be triggering MP in a similar way to what has been observed in adenoviral cellular entry [48] . Examining the kinetics of uptake showed that the bulk of functional delivery, in this case, gene silencing, occurred after 2 h when MP would be most active. This study indicates that MP is critical for internalization, however endosomal escape is required to achieve functional delivery. The ionizable lipid (MC3) is the key component responsible for promoting endosomal release in this system. At neutral pH the ionizable lipid is primarily uncharged, permitting association with ApoE proteins and reducing toxicity in the systemic circulation, whereas at low pH found in endosomes, the ionizable lipid is primarily positively charged. The charged lipid interacts with anionic lipids on the inner leaflet of the endosomal membrane, inducing a change in lipid structure from a lamellar phase to hexagonal phase and resulting in membrane disruption [42] . The extent to which the lipid is ionized depends on its pKa. The specific pKa of MC3 is 6.4, meaning that approximately 80% is uncharged at physiological pH 7.4, whereas 80% is charged at endosomal pH 5.5. The pKa is a critical determinant of the biological performance of this type of LNP [41] . From an understanding of this system, it becomes apparent that the dynamic pH changes that occur during the endosomal/lysosomal pathway are critical to the endosomal release process. For example, it might be expected that limited release occurs at early stages of the pathway where pH is relatively high, whereas most release may occur at latter stages of the pathway. It follows that in addition to the pH of the vesicles, the rate at which the transition occurs will also be important. It is well established that there is wide range of transfectability between cell types both in vitro and in vivo. A possible explanation for this could be differences in the dynamics of pH changes occurring through macropinosome formation and subsequent intracellular trafficking. Other promising lipid-based systems identified for nucleic acid delivery have come from a high-throughput screening of lipid libraries pioneered by Anderson et al. [49] These efforts have yielded new materials that are highly effective primarily in the context of intravenous delivery of siRNA to hepatocytes. Lipidoids are one such class of materials developed from this. C12-200-based LNPs are one of the early lipidoids discovered by this approach [9] . C12-200 is a polyamine-core lipidoid formulated with helper lipids and PEG lipids by a similar process to the previously discussed MC3-based LNPs. A mechanistic investigation in HeLa cells identified MP to be the main mechanism of uptake for this system, MP was confirmed through a combination of depletion of key MP regulators (Cdc42 and Rac1) and colocalization with genetically labelled CdC42 and labelled ovalbumin, both of which are markers for MP.
However, in contrast to Dlin-X-DMA-based LNPs there was no dependence on clathrin-based mechanisms or ApoE [10] . One of the main findings of this study was that 70% of siRNA was recycled out of the cell in a process dependent on Niemann-Pick intracellular cholesterol transporter 1 (NPC1). This is not unique to lipidoid formulations, as blockade of NPC1 during Dlin-X-DMA-based LNP-mediated transfection of siRNA also resulted in enhanced potency [50] . It is unclear if there is a link between enhanced endocytic recycling and entry by MP, but blocking recycling or routing LNPs away from recycling pathways is a potential strategy for enhancing functional delivery. Other lipidoid formulations based on polyamine cores have been developed by this approach and have been demonstrated to result in functional delivery of siRNA and/or mRNA. Examples of materials are 304O13 [51] , OF-02 [52] , TarN3C10 [53] and 7C1 [54] . There is limited information about the specific delivery mechanism for these materials, however these systems have tropism for different cell and tissue types suggesting mechanistic differences. A class of LNPs developed by highthroughput screening where some mechanistic investigation has been undertaken is lipopeptides, which comprise a lipopeptide formulated with helper and PEG lipids. CkkE-12 LNPs, an optimized lipopeptide formulation, was found to have approximately 100-fold greater potency than C12-200 LNPs for siRNA delivery [8] . CkkE-12 LNPs were found to also use MP as the main mechanism of uptake by HeLa cells, identified by use of EIPA and observation of colocalization with 70 kDa dextran. Interestingly, as found for ionizable LNPs, the mechanism of uptake was ApoEdependent, indicating that MP is not the sole mechanism of uptake.
Additional examples of lipid-based systems reported to use MP are cationic lipid-based liposomes, DOTAP-DOPC and DC-Chol -DOPE [11] , which were investigated in the context of DNA delivery to Chinese hamster ovary (CHO) cells. Both these liposomes were approximately 200 nm in size, which is relatively large compared to the previously discussed lipidoid formulations that are typically 100 nm or less. There was little dependence on CME or CVME for uptake, most probably owing to size restrictions of non-macropinocytic entry routes, which are between 60 and 120 nm [55] .
Relative to Dlin-X-DMA-based LNPs, the mechanism of endosomal release of cationic lipid-based liposomes is not well understood, but considering their structural similarities it is likely the mechanism of release is dependent on pH. Notably, the relationship between pKa and efficient intracellular delivery is dependent on the type of lipid. The pKas of 7C1 and C12-200 are 5.0 [54] and 7.25 [56] , respectively; however DLin-X-DMA-based LNPs with these pKa values were found to have low levels of functional delivery. A potential explanation for this is that different LNPs may escape from different stages of the endo-lysosomal pathway or the specific mode of endosomal escape of different LNPs may favour different uptake/trafficking routes.
(c) Polymeric delivery systems
Polymers are a major class of drug delivery system that have a history of use for nucleic acid delivery stretching back over 50 years [57] . Early systems were based on cationic polymers complexed to a nucleic acid, examples being polyethyleneimine (PEI), polyamidoamine-based dendrimers, polyaspartamides, poly(lactic-co-glycolic acid) (PLGA), poly [2-dimethylaminoethyl methacrylate] (PDMAEMA), poly-L-lysine (PLL), poly (beta-amino ester) (PBAE) and chitosan. As the field has developed, modifications to these polymers have been introduced to specifically address delivery barriers. Strategies have included attaching targeting ligands to promote cellular uptake, functional groups to facilitate endosomal escape, groups to increase stealth and manipulating charge to avoid toxicity. This has led to systems with an assortment of sizes, shapes and charges. MP has been reported to be involved in uptake in several cases; however, many of these studies have been reliant on pharmacological inhibition alone, which is not as specific as other methods such as genetic manipulation [28] . An exception to this is a study on PEGylated PLGA particles in HeLa cells [58] . This study used genetic manipulation to label endocytic compartments and manipulate trafficking mechanisms. Although these particles were not found to use MP as the major entry route into the cell, it was found that blocking Dynamin 1, a protein essential for CME, resulted in stimulation of MP and an overall higher uptake of the nanoparticles. This is evidence that MP could be used to increase the level of uptake of delivery systems into a cell, but the primary bottleneck for many systems is avoiding lysosomal degradation. There have been reports that it is possible to direct polymeric particles through a non-lysosomal pathway. An investigation of a PEGylated form of PLL complexed with DNA in COS-7 cells has shown that entry by MP results in deposition of particles to vesicles that were not endosomes or lysosomes [14] . The shapes of particles studied here were distinct from other reports that primarily use spherical particles. The particles were a mixture of rods (100-200 nm with a width of 20 nm) and toroids (30-60 nm). The diversion to a different intracellular fate could be a product of the shape of the particle, which has also been reported for rod-shaped materials such as carbon nanotubes [59] . Interestingly, there does not appear to be a general correlation between particle size and MP; uptake has been reported for particles as small as 10 nm [60] . Taken together, this demonstrates that macropinocytic uptake is not restricted to a certain particle size or particle property. Contrary to these reports where macropinocytic uptake appears to be beneficial for uptake, it does not always result in enhanced functional delivery. An investigation of 110 nm PLL-based polyplexes in HepG2 cells showed that both CME and MP were involved in uptake, but additional stimulation of MP resulted in reduced functional delivery of DNA [13] .
As with all nucleic acid delivery systems, there is a need for polymers to promote endosomal release to be effective. Initially, cationic polymers were thought to promote endosomal escape by the proton sponge effect. This involves protonation of the polyplex at low pH accompanied by an influx of counterions resulting in an osmotic imbalance within the endosome that eventually leads to endosomal rupture [61] . However, this has been refuted by some recent studies demonstrating that osmotic force alone would not be able to rupture an endosome [62] . It is more likely that polyplexes induce endosomal escape by a combination of factors in addition to proton sponge, specifically an initial membrane destabilization caused by the cationic polymer interacting with the cell membrane, and secondly repulsion between charged polymers causing expansion within the endosome referred to as the 'umbrella effect' [63] . It is logical that the mechanism of uptake and trafficking will affect the functioning of this mechanism. For example, it may be easier for polyplexes to break out of intracellular vesicles with less stable membrane structures and, as with LNPs, certain endo-lysosomal pH conditions will be favourable depending on the design of the delivery system.
(d) Cell-penetrating peptide-based delivery systems
Cellular uptake mechanisms have been studied relatively intensively in the field of CPPs, partly because they were originally thought to have a unique mechanism of entry that could bypass lysosomal degradation [64] . CPPs can broadly be defined as peptides that show a high degree of transport across a cell membrane. The first CPP to gain attention was the transactivator of transcription (TAT) protein present in HIV-1. This was followed closely by a homeoprotein discovered in Drosophila melanogaster. Based on these findings, peptides have been derivatized to identify hundreds of amino acid sequences with cell-penetrating properties, including cationic, amphipathic and hydrophobic peptides. CPPs have been exploited for drug delivery by complexing or conjugating molecules directly to the CPP and attaching CPPs to nanoparticles. There have been conflicting reports on the mechanism of uptake of CPPs, with several routes including MP reported to be implicated in uptake [30, 65] . This is most probably owing to methodological limitations that have been highlighted in a study, which demonstrated that cell type, serum starvation and inhibitor specificity all strongly influence the entry route for CPPs [66] . In contrast to the lipidic and polymeric delivery systems discussed up to this point, a relatively strong molecular basis has been identified for the link between macropinocytosis and CPPs. Arginine-rich peptides have been shown to interact with heparan sulfate proteoglycans resulting in the activation of Rac, which induces actin polymerization and subsequent lamellipodia formation, indicative of MP [67] . Importantly, it has also been observed that there is a concentration dependence on the mechanism employed for uptake [30, 68] . In the context of HeLa cells, MP is active at low concentrations of CPPs but a high concentration of CPPs induces a nonendocytic mode of entry into the cytosol or nucleus of the cell [30] . Additionally, inhibition of MP promoted uptake of CPPs through this non-endocytic route, implying in this case that MP is counter-productive for functional delivery. The CPP systems discussed so far have involved the peptide alone but there have also been reports of CPPs attached to nanoparticles, resulting in entry by MP. In this case, the mechanism of uptake can be dependent on the attachment topology of the CPPs as well as the type of particle. An investigation of arginine peptides (R8) attached to a liposome loaded with DNA in 3T3 cells showed cellular entry by MP only when there was a high peptide density on the liposome surface [16] . There was an overall increase in uptake compared to a low-density configuration and, interestingly, there was a disproportionally large increase in functional delivery of DNA, suggesting the trafficking route taken by macropinocytic entry was more productive than the CME observed at low peptide density.
In addition to lipids, polymers and peptides, MP-based internalization has also been reported for other classes of delivery systems, such as extracellular vesicles (EVs) [20, 69, 70] and inorganic nanoparticles [18] . These are generally less well developed than the lipidic and polymeric systems but are showing great promise, moreover these reports demonstrate the variety of particles that can use MP as an entry pathway.
Tumour cells are targets for MP-based drug delivery
The examples discussed in the previous section demonstrate that macropinocytic uptake can be exploited for a broad range of cell types and cargos. It is also important to appreciate that certain cell types offer additional opportunities to target MP for delivery. It is well known that a high rate of fluid-phase uptake via phagocytosis and MP is a hallmark of cells such as macrophages and dendritic cells, and as a result, it is possible to deliver nucleic acids to these types of cells without a delivery system [71, 72] . This approach is relatively inefficient and therefore limited to therapies where the barriers to delivery are low, typically targets requiring low levels of transfection to achieve a pharmacodynamic effect or where local administration is possible. Outside of these cell types certain disease states result in cells with elevated levels of MP, offering opportunities for drug deliverycancer is one such example. One of the first reports of high MP activity in tumour cells was obtained by bright field microscopy by Warren Lewis in 1937 [73] . This seminal observation has since been confirmed by multiple studies that have elucidated the molecular basis of this phenomenon using state-of-the-art high-resolution microscopy combined with genetic manipulation. It is now known that MP plays a key role in the proliferation of cancer cells by functioning as a nutrient supply route [33] . In this section, we will discuss what factors drive MP in tumour cells and specific features of the associated intracellular trafficking routes.
(a) Activation of cancer-related pathways drive MP MP is initiated by activation of the Ras superfamily of small GTPases and activation of the PI3 K pathway by growth factors. The process starts with the generation of sheet-like extensions of the cell membrane, often referred to as ruffles, which are formed by polymerized cortical actin beneath the plasma membrane [26, [74] [75] [76] . In tumour cells, membrane ruffling results in macropinosome formation by forming O-shaped cups that can be eventually closed, entrapping extracellular fluid into the macropinosome [71] . Importantly, Veltman et al. resolved a spatio-temporal link between Ras activation and actin-rich ruffle formation [77] . This study applied lattice light sheet microscopy to follow MP cup formation in Dictyostelium. Patches of activated Ras/PI(3,4,5)P 3 /Rac1, delineated by a narrow ring of active SCAR (suppressor of cAMP receptor), were observed to stimulate polymerization of cortical actin resulting in the formation of a cup-shaped ruffle. Activation of Ras/PI3 K signalling cascades by oncogenic mutations in Ras, chemokines and/or growth factors has been found to activate MP in tumour cells. Specific factors are listed in table 2. One of the first links between Ras mutations and MP was found in quiescent rat embryo fibroblasts, where the introduction of oncogenic human H-Ras proteins via microinjection increased the incidence of membrane ruffles and MP. This lasted more than 15 h after injection [85] . Interestingly, comparison of K-Ras and H-Ras revealed that K-Ras is a more potent inducer of membrane ruffling and MP [86] . This has also been observed in pancreatic adenocarcinoma-derived human MIA PaCa-2 cells with an activating K-Ras mutation, G12C [78] .
In addition to Ras, links have been found between oncogenic aberrations in the regulation of phosphoinositides and MP. Membrane phosphoinositides act as markers of membrane identity and are carefully controlled throughout the MP process by a range of kinases and phosphatases. PI(4,5)P 2 is converted to PI(3,4,5)P 3 by class I PI3 K on membrane ruffles, with PI(3,4,5)P 3 levels peaking at cup closure, then degraded to PI(3)P, which is the predominant phosphoinositide of the early macropinosomal membrane. Activating mutations in the class I PI3 K gene PIK3CA, and decreased expression of PTEN, which dephosphorylates PI(3,4,5)P 3 to PI(4,5)P 2 , are both frequently found in cancer cells [87] [88] [89] . These mutations cause the net accumulation of PI(3,4,5)P 3 in cancer cells and thus an increase in MP activity [90] . Together, these frequently found mutations in Ras, PI3 K and PTEN in cancer cells demonstrate that upregulation of MP is important for a broad range of cancers.
MP also plays an important role in the regulation of metabolic processes, with cancer cells using MP as a method to take up nutrients. MP in MIA PaCa-2 cells resulted in protein uptake and subsequent degradation into amino acids, including glutamine, which was found to be critical for cellular proliferation [33] . This has also been highlighted by the finding that the growth factor M-CSF and chemokine CXCL12 (also known as stromal-derived factor 1a) activate MP, which provides an amino acid supply route for macrophages [91] . The CXCL12 receptor, CXCR4, is expressed in multiple tumour cells and its stimulation triggers actin-dependent membrane ruffling and activation of MP-associated signalling pathways including PI3 K/Akt [84, 92, 93] . Moreover, stimulation of CXCR4 with CXCL12 or 12-mer oligoarginine CPPs triggered MP and uptake of these molecules into HeLa cells [94] . Notably, the CXCR4 receptor is internalized via MP in Hep3B cells [95] and CXCR4 intracellular localization has been linked to clinical outcomes in lung adenocarcinoma patients. High levels of CXCR4 localization in the plasma membrane and endo-lysosomal system were associated with distant metastasis and decreased disease-free survival [96] . In fact, heterogeneity in CXCR4 expression has been observed, with only a proportion (between 1% and 20%) of the tumour cells in the ovarian cancer biopsies expressing CXCR4 mRNA, indicating the high variability of MPinducing pathways even in one individual [97] . Interestingly, M-CSF and CXCL12 also promote MP in tumour cells in vivo via cross-talk with tumour-associated macrophages. M-CSF and CXCL12 secreted by tumour cells stimulate tumor-associated macrophages, which in turn promote tumour cell growth and metastatic behaviour by secreting EGF, which is known to induce MP [29, 98, 99] . Increased rates of MP in tumour cells result in the transport of amino acids into the cell, which has been linked with activation of the mechanistic target of rapamycin complex-1 (mTORC1), a key regulator of cellular metabolic processes such as protein translation [91] . Additionally, mTORC1 is activated through Akt recruitment to macropinosomes and the associated inhibition of the TSC1/2 protein complex activity [91, 100] . Notably, it has been demonstrated that activation of mTORC1 by blockade of TSC2 enhances ionizable lipid-based LNP-mediated functional delivery of mRNA in HeLa cells, although it is important to make the distinction that this is achieved by enhancing the protein translation rate of the mRNA, not by enhancing endosomal release. Therefore, it is unlikely to be applicable to other types of nucleic acids [101] . The association of abnormalities in Ras signalling, phosphoinositide regulation, chemokine and growth factor production with elevated MP in cancer provides opportunities to exploit for specific targeting of nucleic acids, which will be discussed in more depth in §4.
(b) MP entry favours cargo delivery to late endosomes and multivesicular bodies in tumour cells
Although certain types of tumour cells exhibit enhanced MP, it is critically important that nucleic acids are trafficked to a productive intracellular location. Therefore, it is important to examine how macropinocytic uptake relates to intracellular trafficking. MP by macrophages results in maturation of macropinosomes, which acquire sequentially early and late endosomal markers, Rab5 and Rab7, respectively. Macropinosomes then fuse with a stable resident lysosomal compartment positive for LAMP1 and RagC [91, 102] . Macropinosomes may also recycle their contents out of the cell, as has been shown for M-CSF-stimulated macrophages [103] . Lysosomal degradation is a barrier to intracellular delivery common across most cell types and endocytic entry portals. Significantly, there are exceptions: newly formed macropinosomes in EGF-stimulated A431 epidermoid carcinoma cells show only weak staining for EEA1, indicating the lack of fusion with early endosomes. Macropinosome self-fusion was also observed within 5 min after uptake. After a 60 min chase, the fluid-phase marker, FITC-dextran was either exocytosed via recycling compartments or remained in the perinuclear compartment, which was negative for cathepsin D, further indicating the lack of fusion with lysosomes [104] . These data corroborated an earlier study showing lack of colocalization between the fluid-phase marker, Texas Red-labelled dextran, and the early/late endo-lysosomal markers, transferrin and LDL, respectively [105] . Additionally, EM analysis of SAOS osteosarcoma cells revealed that a2b1 integrins internalized via MP were detected in multivesicular body-like organelles [106] . Alongside these findings, it is also important to consider that MP is a nutrient supply route that functions by degrading proteins in lysosomes, which apparently contradicts these reports. A possible explanation for this is that the fusion with lysosomes is cargo-specific. Alternatively, it may be that certain macropinocytic trafficking pathways retain cargo in non-lysosomal compartments for time periods longer than the scope of these studies. In either scenario, this is likely to be of benefit for intracellular delivery. Recent work has shown that the majority of endosomal escape occurs in late endosomes/ multivesicular bodies [107] , suggesting that trapping at this stage of the pathway or increasing retention time before lysosomal degradation would be beneficial. In addition to avoiding lysosomal degradation, recycling is another limiting factor of nucleic acid delivery. Recycling has been observed in EGF-stimulated HEK293-GFP-SNX5 cells where macropinosome cargo was partially recycled via highly dynamic tubular extensions associated with early endosomes [108] . In this study, the remaining macropinosomes were shown to recruit phosphoinositol-binding sorting nexin 5 (SNX5), Rab5 and EEA1 but were LAMP1-negative. This was followed by accumulation of the late endosomal marker, Rab7, but later time points were not included in the study so ultimate fusion with lysosomes cannot be excluded. These studies demonstrate the variety of intracellular itineraries that are possible following macropinocytic internalization.
Opportunities to exploit MP for enhancing intracellular delivery
By combining knowledge of the design of delivery systems with mechanisms of MP in tumour cells, it becomes apparent that there are many opportunities to exploit MP to enhance intracellular delivery of nucleic acids. Key opportunities are discussed in the following section.
(a) Targeting specific cell types, diseases and environments
Perhaps the simplest approach to targeting MP for drug delivery would be to focus nucleic acid delivery strategies on tumours that have an intrinsically high level of MP activity. Oncogenic mutations associated with high MP activity are summarized in table 2. Some of these have been exploited already, for example groups have successfully shown that exosomal and lipoprotein-based delivery systems are preferentially taken up in Ras mutant tumours by MP [18, 20] . Considering the role of MP in nutrient supply, tumours in particularly nutrient-deficient environments offer a potential opportunity for exploitation. In terms of intracellular trafficking, it has been shown that macropinosome fusion to lysosomes does not occur in some cell types, hence such cell types may be attractive targets for drug delivery. Another approach is to match the acidification profiles of trafficking routes with the intended action of a given delivery system. The majority of lipidic and polymeric delivery systems rely on a pH shift from the physiological pH to endosomal pH to enable endosomal membrane disruption. The precise ionization behaviour of the material in relation to pH changes in the endo-lysosomal pathway is critical for successful function. If the kinetics, pH and physiology of trafficking by the MP pathway are favourable to the transitions occurring in the delivery system, then MP uptake will be more productive than other pathways. Conversely, if they are not particularly well-matched then other pathways may be more productive. An example of this has been shown for CPPs whereby blocking MP using EIPA resulted in entry via direct translocation into the cytosol, although this was also observed in the presence of MbCD, an inhibitor of caveolae/lipid-raft-mediated endocytosis [30] . This is a possible explanation for why CPP-based studies have shown that increasing the rate of macropinocytic entry can be both positive and negative for functional delivery depending on the format of the delivery system. Extending these concepts into a clinical setting, patient selection strategies could be employed by screening tumour types with markers for MP and/or favourable trafficking profiles. Potential markers are CXCR4 expression and endo-lysosomal pH profiles. Measuring pH through the endocytic pathway has been attempted, however, the accuracy of measurements is low owing to proteins interfering with the behaviour of pH-sensitive fluorophores [109] . Nevertheless, broad knowledge of these pH changes could be useful in selecting or designing delivery systems for specific patients. Furthermore, identification of novel MP regulators, e.g. regulation by short mircoRNA [72] , will enhance the precision with which patients can be targeted.
(b) Manipulating MP-related uptake and trafficking routes
To realize the full potential of nucleic acid-based therapeutics, ideally, it would be possible to target any cell type. The issue in this regard is that not all cells have high MP activity or favourable trafficking pathways. In this case, it may be possible to manipulate the MP pathway to favour intracellular delivery. Studies have demonstrated that it is possible to increase intracellular delivery successfully by enhancing MP activity [67] . Nakase et al. investigated drug delivery using exosomes in the presence of MP-stimulating compounds [110] . Stimulation of A431 epidermoid carcinoma cells with EGF or CXCL12 enhanced MP and exosome delivery 27-fold and 2.3-fold, respectively. Moreover, EGF treatment significantly enhanced the cytotoxicity of saporin-encapsulated exosomes, suggesting that induction of MP improved saporin bioactivity. In addition, loading of EGF into exosomes improved uptake and improved saporin cytotoxic effects [110] . Another approach to enhance MP included the use of the arginine-rich CPP R8, which has been previously implicated in syndecan-4 proteoglycan clustering on plasma membranes, resulting in an induction of MP [111] . In this case, the conjugation of arginine-rich CPPs to EVs induced membrane ruffling and MP, resulting in higher cellular uptake of peptide-EV conjugates.
Outside of synthetic delivery systems, various pathogens including viruses and bacterial cells have been found to target the MP pathway to enter host cells. Viral particles have been shown to associate with filopodia-thin plasma membrane extensions-and 'surf' along towards endocytic 'hot spots', being internalized in a process sensitive to MP inhibitors [112, 113] . Vaccinia virus, a prototype poxvirus, was shown to associate with filopodia and stimulate p21-activated kinase 1 (PAK1), causing ruffle formation thus promoting MP. Experimental evidence suggests that vaccinia virus mimics the apoptotic 'eat me' signal and binds to cells via exposed phosphatidylserine in the viral membrane. Chlamydia trachomatis also associates with filopodia and stimulates Rac1 to induce membrane ruffle formation. It is thought that targeting MP enables uptake of large pathogens and prevents their recognition by the immune system. Pathogen-based delivery systems are efficient delivery vehicles but have a higher risk of toxicity and a more complex development path compared to non-viral systems; however, mimicking the action of pathogens in the design of non-viral delivery systems could be used to enhance delivery.
Although there are clear examples of how MP-mediated cellular entry may be manipulated, the modulation of intracellular trafficking is less obvious, although this is perhaps more important as endosomal release is the primary bottleneck for intracellular delivery. A possible approach to enhance endosomal release is to intervene in the MP pathway by blocking fusion of late endosomes/multivesicular bodies with lysosomes, holding delivery systems in the stage of the endosomal pathway where escape is most probably to occur. One way this could be done is by modulating macropinosome size through modulation of guanine nucleotide exchange factors' (GEFs) and GTPase activating proteins' (GAPs) activity [77] . Another potential family of targets are the phosphoinositides, and their associated kinases and phosphatases, which have roles in controlling ruffle formation and act as markers of membrane identify throughout the stages of the macropinocytic pathway [76, 114] . Likewise, blocking endocytic recycling can be used to retain cargo in the cell and enhance functional delivery, as has been demonstrated for LNP-mediated delivery of siRNA [10, 50] .
Conclusion
MP is undoubtedly a broadly applicable mechanism that can be exploited to address the first barrier for intracellular delivery, which is to gain cellular entry. This is exemplified by the breadth of particles, cell types and cargos that have been reported to successfully deliver cargo by MP. Although multiple endocytic portals such as CME and caveolae-mediated endocytosis (CVE) can effectively internalize particles, they have specific size and charge limitations [115] . Furthermore, MP is efficient enough to support the development of therapeutic strategies, as has been demonstrated by the clinical progress of systems using this mode of entry. In the short term, an attractive strategy is to target cell types and environments with features known to be correlated with high macropinocytic activity, such as Ras mutated tumours or nutrient-deficient environments. In the longer term, precisely manipulating MP to enhance intracellular delivery is an exciting possibility. Opportunities to do this, driven by advancements in fundamental understanding of MP, are already emerging. Stimulating macropinocytic uptake, blocking macropinocytic recycling and preventing fusion of macropinosomes with lysosomes are all interesting possibilities. The success of such strategies will be dependent on how well significant gaps can be addressed. While most knowledge of MP comes from in vitro studies; the in vivo situation is more complex. There is interplay between other cells in the tumour microenvironment as well as environmental factors that are difficult to account for in vitro. MP also plays a critical role in governing cellular metabolism, hence there is a high risk that modulating this pathway will result in toxicity. These factors make identifying suitable targets for manipulation challenging, but plenty of inspiration can be drawn from how nature has designed pathogens that can successfully exploit MP for intracellular delivery. Funding. We received no funding for this study.
